T he microcirculation is crucial for delivery of oxygen and nutrients to tissue. In the setting of circulatory arrest and resuscitation, upstream hemodynamic parameters such as blood pressure and cardiac output do not necessarily reflect microvascular perfusion. However, this has only been shown in animal models (1) (2) (3) (4) .
Similarly, there are no conclusive human data on the time it takes for the microcirculation to come to a complete halt after circulatory arrest.
After circulatory arrest, pressures ultimately equalize throughout the circulation causing flow to stop. Guyton et al (5) calculated that arterial and systemic venous pressure would reach equilibrium 30 -50 secs after the heart stops beating. However, Schipke et al (6) concluded that this would take much longer by extrapolating pressure data in the setting of induced ventricular fibrillation for defibrillator implantation in humans. Furthermore, studies in anesthetized pigs have shown that equalization of pressures and microvascular flow does not occur until after 5 mins of circulatory arrest (1, 7) .
Surgery involving the aortic arch necessitates a period of circulatory arrest. This is often combined with deep hypothermia and selective antegrade cerebral perfusion for neuroprotection (8) . As such, this setting may serve as a model for human cardiac arrest and resuscitation. With the advent of sidestream dark field (SDF) imaging, it has recently become possible to image the human microcirculation in real time (9) . We used this technique to record videos of the sublingual microcirculation surrounding Objective: The behavior of the human microcirculation in the setting of cardiac arrest is largely unknown. Animal experiments have consistently revealed that global hemodynamics do not necessarily reflect microvascular perfusion. In addition, the time it takes for capillary blood flow to stop after the heart arrests is debated. Estimations range from 50 seconds to 5 mins, but data in humans are lacking. Aortic arch surgery frequently necessitates deep hypothermic circulatory arrest and subsequent selective antegrade cerebral perfusion. To elucidate microvascular behavior surrounding cessation of human circulation, we used sublingual microvascular imaging in this setting.
Design: Prospective, observational study. Setting: Operating room of a large tertiary referral center for cardiac surgery.
Patients: Seven patients undergoing elective aortic arch repair.
Interventions:
We used sidestream dark field imaging to study the sublingual microcirculation immediately before circulatory arrest, during circulatory arrest, and immediately after selective antegrade cerebral perfusion.
Measurements and Main Results: Results are reported as mean (SD) unless indicated otherwise. Before circulatory arrest, perfused vessel density was 6.41 (1.18) for small (<20 m) and 1.57 (0.88) mm ؊1 for large (>20 m) microvessels. Microvascular flow index was a median of 3.0 (interquartile range 3.0 -3.0) for both vessel sizes. After circulatory arrest, there was no equilibration of arterial and venous blood pressure before onset of selective antegrade cerebral perfusion after 59 (17) secs (range, 40 -80 secs). Flow in small microvessels came to a complete stop after 45 (9) secs (range, 34 -57 secs) after transition to circulatory arrest. However, flow in larger microvessels did not completely stop before selective antegrade cerebral perfusion started. Selective antegrade cerebral perfusion restored microvascular flow, reaching precirculatory arrest levels after 45 (27) secs (range, 20 -85 secs).
Conclusions: In a controlled surgical setting, circulatory arrest in humans induces a complete sublingual small microvessel shutdown within 1 min. However, flow in larger microvessels persists. Selective antegrade cerebral perfusion was able to restore microvascular flow to precirculatory arrest levels within a similar timeframe. the phase of circulatory arrest and selective antegrade cerebral perfusion in aortic arch repair.
Our primary objective was to determine the behavior of the human microcirculation after circulatory arrest. In particular, we intended to find out if and when microvascular perfusion comes to a complete halt in this controlled observational setting. Our null hypothesis was that no difference would exist between microvascular perfusion immediately before circulatory arrest and 50 secs after circulatory arrest.
A second goal of our study was related to aortic arch surgery itself, which imposes risk of brain injury (8) . Cardiopulmonary bypass has been shown to induce discrepancy between microvascular and global hemodynamic parameters (10, 11) . Selective antegrade cerebral perfusion may have a similar effect. Therefore, we aimed to test whether our selective antegrade cerebral perfusion strategy would impair microvascular flow.
MATERIALS AND METHODS
The local Institutional Review Board approved the study. The need for written informed consent was waived in accordance with the national Law on Experiments With Humans because the study was observational and measurements were considered noninvasive.
We studied adult subjects undergoing surgery involving the aortic arch in which hypothermic circulatory arrest and selective antegrade cerebral perfusion were planned. A schematic overview of the study protocol is given in Figure 1 . Routine monitoring included arterial and central venous pressures as well as blood gas parameters. We used bilateral near-infrared spectroscopy sensors for assessment of frontal cortex oxygen saturation and recorded a four-channel electroencephalogram. Transcranial Doppler was used to measure the velocity of middle cerebral artery blood flow bilaterally.
After induction of anesthesia, median sternotomy was performed to expose the heart. After institution of cardiopulmonary bypass, ventilation was stopped. Placement of an aortic crossclamp allowed for initiation of proximal aortic repair while cooling toward a rectal temperature of 25°C. Cardioplegic solution was administered through a previously placed aortic root needle or selectively through the coronary ostia after opening the aorta. The heart-lung machine kept an automated record of blood flow and temperature. Intermittent blood gas analysis was performed and oxygenator gas flow was adjusted accordingly.
For the second stage of surgery, circulatory arrest was induced by slowing down car-diopulmonary bypass flow to zero within 10 secs. This was followed by opening the aortic arch and placement of two cannulas for selective antegrade cerebral perfusion. One of these was placed in the innominate artery and the other in the left common carotid artery. Then, cerebral perfusion was started through the heart-lung machine aiming for a flow of 10 mL/kg body weight. Subsequently, the left subclavian artery was occluded to prevent cerebral steal by backbleeding through the ipsilateral vertebral artery.
We used SDF imaging to visualize the sublingual microcirculation in all patients. This technique has been described in detail previously (9) . In brief, it consists of a handheld video microscope that emits stroboscopic green light (530 nm) from an outer ring at the end of a probe. This light is absorbed by hemoglobin. Thus, a negative image of moving red blood cells is transmitted back through the isolated optical core of the probe toward a charge-coupled device camera.
We implemented all recommendations from a recent round table conference on how to best evaluate the microcirculation (12) . Video clips were digitally stored using 5ϫ optical magnification, producing images representing approximately 940 ϫ 750 m 2 of tissue surface. Special care was taken to avoid external pressure artifacts (12, 13) . Secretions were removed and, after obtaining good image focus, the probe was pulled back gently until contact was lost and then advanced again slowly to the point at which contact was regained. We paid special attention to the larger vessels at the time of recording because alterations in their flow with probe manipulation may indicate pressure artifacts.
We recorded microvascular clips 5-10 mins before circulatory arrest and 5-10 mins after the start of selective antegrade cerebral perfusion. At each time point, clips at three different sublingual sites yielding at least 20 secs of stable video per site were recorded. In addition, we attempted to record a single video clip from a single sublingual site from the actual onset of circulatory arrest until several minutes after selective antegrade cerebral perfusion. These were used to determine the exact time points at which microvascular flow and capillary density came to a complete stop after circulatory arrest and at which microvascular flow and vessel density did not improve further after selective antegrade cerebral perfusion. These times were determined visually both for smaller and larger microvessels (cutoff diameter 20 m) by one of the authors (PWGE). Additionally, from these long video recordings, two smaller clips of stable video of each patient were cut representing 5 secs immediately before circulatory arrest and the period surrounding 50 secs after circulatory arrest. We chose the time point of 50 secs because this is the historical theoretical upper limit for pressure equilibration as proposed by Guyton et al (5) .
All clips were stored under a random number. At a later time, these were analyzed in batch with clips from several other studies by one of the authors (PWGE) using the AVA 3.0 software program (Microvision Medical, Amsterdam, The Netherlands). We determined microvascular flow index (MFI), perfused vessel density (PVD), proportion of perfused vessels (PPV), and indices of heterogeneity for every patient at both time points. All have been validated previously (13) (14) (15) . As published recently (16) , each score was deter- mined for both large and small microvessels with a cutoff diameter of 20 m.
For PPV and PVD, vessel density was calculated as the number of vessels crossing three horizontal and three vertical equidistant lines spanning the screen divided by the total length of the lines. Perfusion at each crossing was then scored semiquantitatively by the eye as follows: 0 ϭ no flow (no flow present for the entire duration of the clip), 1 ϭ intermittent flow (flow present Ͻ50% of the duration of the clip), 2 ϭ sluggish flow (flow present Ͼ50% but Ͻ100% of the duration of the clip or very slow flow for the entire duration of the clip), and 3 ϭ continuous flow (flow present for the entire duration of the clip). PVD was then calculated as the number of crossings with flow scores Ͼ1. PPV was calculated as the PVD divided by the total number of crossings. For each time point and each patient, the scores for PPV and PVD were averaged. PPV is expressed as n/mm, whereas PVD is expressed as a percentage.
MFI was based on the determination of the predominant type of flow in four quadrants adhering to the same scoring system. MFI is the sum of these flow scores divided by the number of quadrants in which the vessel type is visible. For each time point and each patient, the scores for MFI were averaged.
To determine intra-and interrater variability, five percent of video clips from this and other studies were randomly selected. This yielded 17 video clips that were analyzed again by the same (PWGE) and a different observer independently and blinded to the first analysis 10 wks earlier. Intra-and interrater bias is reported as mean (SD).
For PVD, for all vessel sizes, Bland's intrarater bias was between Ϫ0.03 mm Ϫ1 (SD 0.28) and 0.28 mm Ϫ1 (SD 0.47) with an absolute mean difference of 0.17-0.41 mm Ϫ1 , which is 5.6 -9.3% of mean PVD (17) . Interrater bias was between Ϫ0.03 mm Ϫ1 (0.28) and 0.64 mm Ϫ1 (0.82) with an absolute mean difference of 0.17-0.78 mm Ϫ1 , which is 7.3-10.1% of mean PVD. De Backer et al (14) previously reported intrarater variability ranging from 2.5-4.7% and interrater variability ranging from 3.0 -6.2%.
For PPV, for all vessel sizes, intrarater bias was between 0 (0) and 0.66 (2.23) percentage points with an absolute mean difference 0 -1.35 percentage points, which is 0 -1.41% of mean PPV. Interrater bias was between 0 (0) and Ϫ1.34 (2.11) percentage points with an absolute mean difference of 0 -1.64 percentage points, which is 0 -1.7% of mean PPV. De Backer et al (14) reported intra-and interobserver variability for PPV of 0.9 -4.5% and 4.1-10%, respectively.
For MFI, intraobserver kappa score was between 0.903 and 0.954 (18) . Boerma et al (15) found a kappa score of 0.78. Interobserver kappa score for MFI was between 0.821 and 1, whereas Boerma et al (16) and Trzeciak et al (13) reported values of 0.85 and 0.77.
Heterogeneity was assessed in two different ways. For PVD, the coefficient of variation was determined (14) . For MFI, we assessed heterogeneity in each patient by subtracting the lowest from the highest quadrant MFI and dividing the result by the mean MFI (16) .
We used paired Student's t tests for all data except for MFI for which we used Wilcoxon matched pairs tests because MFI is considered a discrete variable. Results are reported as median and interquartile ranges for MFI and as the mean (SD) for other parameters.
We intended to be able to detect an 80% difference between small-vessel PVD immediately before and 50 secs after circulatory arrest. In addition, we wanted to be able to show a 25% difference between small-vessel PVD before circulatory arrest and after selective antegrade cerebral perfusion. Power analysis showed the need for inclusion of three and seven patients, respectively, based on previous studies by us and others (14, 19, 20) .
RESULTS
Seven subjects were studied. Patient and procedure characteristics can be found in Table 1 . Mean time between circulatory arrest and selective antegrade cerebral perfusion was 115 secs (25 secs). There were no surgical complications and after 48 hrs, there was no evidence of brain injury in any patient. Electroencephalographic (EEG) data analysis was possible in all patients, whereas near-infrared spectroscopy data were available for analysis in six patients. Three patients underwent transcranial Doppler monitoring.
Global hemodynamics, blood gas data, and neuromonitor parameters can be found in Table 2 . In all patients, a silent EEG was observed approximately 60 secs after circulatory arrest. Arterial blood pressure decreased markedly and central venous pressure rose, but there was no equilibration of pressures at the onset of selective antegrade cerebral perfusion in any patient. In the three patients with transcranial Doppler monitoring, bilateral cerebral artery blood flow velocity decreased below noise level within seconds. As intended, cardiopulmonary bypass flow was significantly lower during selective antegrade cerebral perfusion compared with systemic perfusion before circulatory arrest. Base excess was also significantly lower during selective antegrade cerebral perfusion. EEG, transcranial Doppler, and near-infrared spectroscopy parameters as well as mean arterial pressure returned to similar values as before circulatory arrest.
In all patients, we managed to complete a full series of high-quality microvascular recordings before circulatory arrest and selective antegrade cerebral perfusion. Drug infusion rates did not change throughout the measurement period. However, in one patient, 100 g of noradrenalin was given 8 mins before SDF measurements.
In five patients, stable recordings at one site covering the period from the start of circulatory arrest until several minutes after selective antegrade cerebral perfusion could be obtained. However, in one of these, saliva artifacts precluded formal analysis of the 5-sec period immediately before circulatory arrest.
A typical microvascular video recording during transition to circulatory arrest and selective antegrade cerebral perfu- sion is available as supplemental digital content (see Supplemental Digital Content 1, http://links.lww.com/CCM/A144. Video legend: SDC imaging during circulatory arrest and selective antegrade cerebral perfusion ͓1 min 51 secs; 7.701 KB͔. Typical sublingual microvascular recording in one patient during the transition to circulatory arrest and selective antegrade cere-bral perfusion. Shutdown of small microvessels in clearly seen. Similarly, it is easy to observe that larger microvessels continue to be perfused and that selective antegrade cerebral perfusion fully restores microvascular flow). Stills of microvascular recordings before and 50 secs after circulatory arrest and after selective antegrade cerebral perfusion are depicted in Figure 2 .
Results of microvascular analysis during transition to circulatory arrest and selective antegrade cerebral perfusion can be found in Table 3 . In all five patients, flow in small microvessels came to a complete stop after transition to circulatory arrest. This occurred after 45 (9) secs (range, 34 -57 secs). In one patient, the complete halt was only reached 5 secs after the start of selective antegrade cerebral perfusion. Flow in one or more larger microvessels did not completely stop in any of the patients before selective antegrade cerebral perfusion started after 59 (17) secs (range, 40 -80 secs).
Selective antegrade cerebral perfusion markedly improved microvascular flow in all patients, sometimes abruptly. Microvascular flow stopped to further ameliorate after 45 (27) secs (range, 20 -85 secs). This is not significantly different from the time it took the small microvessels to come to a complete hold after circulatory arrest (p ϭ .39). Table 4 shows microvascular parameters 5-10 mins before circulatory arrest and 5-10 mins after selective antegrade cerebral perfusion. Indices of microvascular flow and heterogeneity did not differ significantly between these time points.
DISCUSSION
This is the first report on human microvascular imaging in the setting of hypothermic circulatory arrest and selective antegrade cerebral perfusion. We found that perfusion of smaller microvascular vessels stops after 45 secs (SD 9), whereas flow in larger microvessels persists.
Almost 90 yrs ago, Krogh (21) introduced the classic model of oxygen transport by diffusion from capillaries. This makes small microvessel PVD a crucial factor for oxygen delivery, because this determines the distance to tissue that oxygen needs to bridge. This would imply that oxygen delivery stops within 1 min after circulatory arrest despite a difference between arterial and venous blood pressure and persistent larger microvascular flow. However, in hamsters, Ellsworth and Pittman (22) found that larger microvessels may transfer some of their oxygen to neighboring capillaries. It is unknown if this type of oxygen transport is important in the setting of human circulatory arrest. The complete shutdown of smaller microvessels adds to the large body of evidence that microvascular perfusion is relatively independent of global (8) .58 V-MCA, cm/s 24.0 (11.5) 25.0 (9.5) .57 Q, flow; Tnasa, nasal temperature; SO 2 NIRS, average brain tissue oxygen saturation (near-infrared spectroscopy); V-MCA, mean blood flow velocity in middle cerebral arteries.
Values are reported as mean (SD). Blood gas parameters were determined at 37°C. hemodynamic parameters. Interestingly, EEG signals only showed silence after 1 min, which is later than PVD reaches zero. Starr (23) first described the concept of pressure equilibration after circulatory arrest. Guyton et al (5) proposed that this would occur after 30 -50 secs. This is consistent with our findings for capillaries but not for larger microvessels. However, recently, it was argued that the time for pressure equilibration may take much longer (6, 24, 25) based on data from patients in which ventricular fibrillation was induced to test their defibrillators.
It is known that the arterial system tends to behave like a waterfall or Starling resistor. The flow in front of a waterfall is not affected by its height. This may explain why global and regional blood flow may stop while arterial is still above venous pressure (26, 27) . This can be explained by the closure of certain microvascular beds causing blood to use the few circuits that are still patent. This causes macrohemodynamic blood flow cessation because net vascular resistance is increased, whereas some microvascular flow remains (6) . This is consistent with our current observations, although we only observed this in larger microvessels.
Weil's group (2) was the first to use microvascular imaging in experimental cardiac arrest. They reported a dramatic fall in dural and sublingual MFI of both small and large microvessels within 30 secs after cardiac arrest. However, in the majority of their studies, at least some microvascular flow persisted for over 120 secs (1, 4, 28, 29) . In one study, 44% of the animals studied even showed signs of microcirculatory movement 5 mins after cardiac arrest (1) . In our study, human microvascular shutdown occurred much earlier. In addition, the animal studies reported similar behavior of small and large microvessels, whereas we now show persistent flow in human larger microvessels when smaller microvessel flow has already come to a complete stop.
Another important finding is that the microcirculation is restored after 45 Ϯ 27 secs of selective antegrade cerebral perfusion. This implies that resuscitation after circulatory arrest is feasible at the level of the microcirculation and not held back by possible no-reflow phenomena. Indices of microvascular perfusion were not different 5-10 mins before circulatory arrest and during selective antegrade cerebral perfusion. All patients remained without brain injury, which may indicate that our regimen provides adequate flow. However, our study may have been underpowered to exclude a clinically relevant difference in microvascular perfusion.
Several shortcomings of our study need to be kept in mind when interpreting our results. First, the procedure under which circulatory arrest occurred was carried out under hypothermic conditions. Temperature is known to influence vascular waterfalls (30) and possibly microvascular flow. In hamsters, hypothermia (18°C) reduces functional capillary density almost twofold compared with normothermia (31) . In contrast, the values for PVD 5-10 mins before circulatory arrest are similar to those we reported earlier in normothermic patients in our intensive care unit after cardiac surgery (19) . Second, it may be tempting to extrapolate our results to the clinical setting of naturally occurring cardiac arrest. However, in addition to other major differences such as absence of hypothermia and anesthesia, mean arterial pressure is usually much higher immediately before the event than it was before circulatory arrest in our study. Although speculative, this may imply that small microvessel shutdown occurs at a later time point in cardiac arrest. Finally, we chose to monitor the sublingual microcirculation because it is close to the brain, above the level of the carotid arteries and in the core temperature zone. However, this site may not represent cerebral microcirculation (32) .
CONCLUSION
In a controlled surgical setting of extended aortic repair using deep hypothermia with selective antegrade cerebral perfusion, we have shown that circulatory arrest in humans induces a complete sublingual small microvessel shutdown PVD, perfused vessel density; PPV, proportion of perfused vessels; HI, heterogeneity index; MFI, microvascular flow index.
For MFI, values are reported as median ͓interquartile range͔. Other values are reported as mean (SD). See text for details. within 1 min. In contrast, flow in larger microvessels persisted. Selective antegrade cerebral perfusion was able to restore microvascular flow to precirculatory arrest levels within a similar timeframe.
